Abstract. Phase motion in waves as indicated by a measured phase delay between two points in a particular field component does not in general imply that energy is being carried in the direction of the phase delay so determined. We investigate here the relation between phase variation and energy flow in hydromagnetic wave signals in a model magnetosphere and identify when phase measurements between separated sites in space can indicate unambiguously the direction of the wave energy flux. For energy transfer parallel to the field, the plasma velocity (or electric field) is the most reliable guide. Perpendicular to the field, measurement of phase delays in the compressional magnetic field in space is the best guide, the phenomenon of field line resonance substantially complicating the behavior of the transverse components. In this case, however, although commonly the compressional component phase delay will be aligned with the direction of energy flow, there are important circumstances where the energy flow is antiparallel to the phase gradient and thus to the direction of the phase propagation. The analysis presented here will be especially useful in interpreting measurements from multispacecraft missions such as Cluster 2, a joint mission of the European Space Agency and NASA.
Introduction
Magnetohydrodynamic (MHD) waves are a well-known feature of the terrestrial magnetosphere. Being the natural eigenmodes of the system, they can be excited by a variety of mechanisms. The eigenmode structure tells us about the system as well as about the waves themselves. In addition, the waves often are the means for transmitting information about changes from one part of the system to another.
Here we point out some simple properties of the Poynting flux in such waves and the relationship with the wave phase structure. In a lossy system, like the magnetosphere-ionosphere system, there must always be a flow of energy in the wave to balance loss.
Opportunities to measure such energy flow in space will become routine in the near future, following the expected launch of Cluster 2, a joint mission of the European Space Agency and NASA, which will initiate the use of close-spaced networks in space. This paper extends work [Southwoo& 1975 ] that was published in anticipation of the advent of large-scale spatial measurements using magnetometer networks on the ground in the International Magnetospheric Survey (IMS) [Russell and Southwood, 1982] .
Energy transport in waves is an important focus in wave studies. One associates the group speed with energy flow. However, group speed can be hard to measure using time series techniques; measurement of phase is less ambiguous. Intuitively, one feels that phase motion indicates flow of energy. We show intuition is often right, but there is no systematic answer for all MHD waves. A measured phase delay between two points carries [1979] , and subsequent papers, that concern the damping of waves by the ionosphere. These papers gave solutions for Alfv•n waves standing along field lines which showed that phase differences between space and ground would appear once damping (and therefore energy flow from the magnetosphere to the ionosphere) was allowed for. Allan [1982] and others [Nielsen and Allan, 1983; Mann et al., 1995; Wright and Allan, 1996; Wright et al., 1999] have continued to recognize the importance of phase structure in the resonance region in elucidating wave behavior. There is no doubt that energy is fed into the resonance regions, where it is absorbed either through being fed along the field into the ionosphere or through feeding of energy to shorter and shorter scales across the field until a non-MHD dissipative process takes over. Here our purpose is less to elucidate resonant behavior than to provide guidance on how observations from distributed points in space can contribute to understanding the overall energy flow in signals.
Our work is directed at identifying simple ways of relating phase (or time) delays measured at different positions in space to energy transport. After some preliminary illustrative analysis using plane waves and surface wave models, we use a model of standing waves in a dipole-like geometry to examine other less familiar features and draw lessons for observations. Energy flow in cold plasma waves is found to be linked to apparent phase motion in particular components of the perturbation fields of the wave. Energy flux along the background field follows the sense of the phase motion in the plasma velocity. Only if the signal is purely transverse is it safe to deduce the energy flux from the phase of the transverse magnetic field. In contrast, the perpendicular flux is proportional to the phase motion in the 
where K is a positive or negative quantity, q/is the phase of some wave property, and the subscript i denotes a particular coordinate direction.
Surface Waves
Before considering a general spatially varying field, we look at surface waves. Plasma conditions may change across the surface, 
implies that the velocity is a two dimensional potential field and so V•_xu(=B.Vxu/B)=0 .
Hence if 
The energy flux turns out to be entirely parallel to the plane of the bounding surface (in the y and z directions), once again in the plane containing the phase gradients (equation (12)). However, one must now distinguish between fluxes parallel and perpendicular to the background field. Using the convention for treatment of complex products, one finds, using (1) and on substituting from (10) 
Nonuniform Background Field
We now turn to more realistic models of wave fields. In a nonuniform background field like the Earth's, the Alfv6n mode and fast mode are always coupled. In particular, the Alfv6n mode absorbs energy from the fast mode in the field line resonance regions where it forms standing waves (see, e.g., Tamao [1965,] as referred to in the recent review by Glassmeier et al. [1999] ). Here we shall show that the parallel flux of energy is always in the direction of the parallel phase gradient as it is for the Alfv6n mode. However, because of the wave coupling, there is always a perpendicular flux of energy. We shall show that the form of the latter has more than a passing resemblance to the result for the surface wave derived above. However, the analogy is not exact.
Originally The phase propagation detectable in plasma velocity (or equivalently the wave electric field, E, perpendicular to B) thus provides a diagnosis of energy flux when measured at different points along a field line. Can one learn about energy flux from phase measurements of the magnetic field components? One might expect to be able to do so because the magnetic field component in the a direction is commonly thought of as closely associated with the a direction flow. However, we will show that there are limitations to deductions from the phases of the components of the magnetic field perturbations.
In the appendix of the paper we give brief derivations of some critical equations for hydromagnetic waves in general geometry.
Equation ( 
Perpendicular Energy Flux in General Geometry
The formulas for the Poynting flux given in (4) and (13) This time, the phase determination of electric, magnetic, and flow fields will be provided from space by closely spaced spacecraft. Once launched and commissioned, the Cluster space mission, with its four spacecraft, will provide a previously unparalleled ability to determine relative timing in space. Hydromagnetic waves and allied dynamic phenomena, such as flux transfer events and flux ropes, must be key targets of study.
We have shown here that interpretation of phase differences requires care in large-scale magnetohydrodynamic waves. The best guide to the direction of energy propagation parallel to the field in the wave is the sense of phase motion in the plasma flow (and not in the transverse magnetic field). For perpendicular propagation, the phase variation in the compressional magnetic field component directly indicates that there is a perpendicular energy flux. However, in this case, the phase propagation in the wave field may be either parallel or antiparallel to the energy propagation. This result is seen most simply in the hydromagnetic surface wave propagating on an interface between plasmas of different density. On one side of the discontinuity, the Poynting flux perpendicular to the field is directed antiparallel to the sense of phase propagation. In general, this phenomenon occurs whenever the wave signal is driven at a frequency below the local Alfv•n wave frequency (i.e., the local field line resonance frequency).
Appendix: Equations GoVerning Hydromagnetic Oscillations in a Cold Plasma
Here we derive some of the basic equations describing the relationships between magnetic field and plasma flow perturbations in hydromagnetic waves in a field described by U = Vax(Vfl), 
